Abstract
naturally produced in a number of bacteria (Doi et al. 1992; Doi et al. 1995; Hrabak 1992; Timm 23 et al. 1994; Trainer and Charles 2006) . These polymers vary in their physical properties. Their 24 natural role is typically to cope with the stress associated with fluctuating nutrient availability 25 (Lee 1996) . Several of these polymers have been candidates for use as bioproducts, in many 26 cases to replace fossil fuel-based materials. There are key challenges to the economic viability of 27 production of these biopolymers, especially in competition with the established fossil fuel-based 28 products. Ability to incorporate inexpensive feedstock would improve the economic feasibility of 29 biopolymer production. In addition to naturally produced polymers, there have been efforts to 30 produce new polymers with potentially interesting and useful properties.
31
Polylactic acid (PLA) is a biodegradable polymer that is currently produced chemically 32 from biologically produced lactic acid (LA) derivatives using heavy metal catalysis (Taguchi et 33 al. 2008 ), but is not known to be naturally produced by any microbe. It possesses several 34 favourable properties such as high strength, biocompatibility, heat resistance, permeability and 35 optical activity that make it a leading candidate for medical applications such as resorbable 36 sutures, drug carriers, organ-substituting implants and artificial blood vessels (Lunt 1998; 37 Södergård and Stolt 2002). The co-polymer PLA-co-PHA has been obtained through ring-38 opening polymerization of L-lactide combined with PHA using stannous octoate as a catalyst 39 (Haynes et al. 2007 ). In part to avoid contamination with trace levels of heavy metal, research 40 has focused on producing PLA and similar types of polymers through direct fermentation (Jung 41 et al. 2010b; Selmer et al. 2002; Yang et al. 2010) , despite the absence of natural production. It 42 was noted that LA and 3-hydroxyalkanoate (3HA) monomer, especially D-3-hydroxybutyrate D r a f t 4 (3HB), share a similar structure including both hydroxyl and carboxyl groups essential for the 44 formation of an ester bond (Yang et al. 2010) .
45
Because the substrate specificity of PHA synthase enzymes varies, both natural isolates 46 and engineered strains have been shown to successfully produce several different types of PHA 47 copolymers containing both short-chain-length (SCL) and medium-chain-length (MCL) 48 monomers (Jung et al. 2010a ). Based on these observations, efforts have been undertaken to studies aimed at producing this novel copolymer in vivo were undertaken, resulting in successful 53 in vivo production of PLA homopolymer and P(LA-co-HA) copolymer (Taguchi et al. 2008 ). In 54 this study, however, the provision of exogenous 3HB and LA was required, and the LA fraction 55 that was incorporated into copolymer was quite low, at approximately 6 mol%. Since then, 56 altered substrate range PHA synthases derived by site-directed mutagenesis as well as saturation 57 mutagenesis have been screened for efficient incorporation of LA-CoA into P(LA-co-HA) 58 copolymer (Yang et al. 2010 ). The best performers were able to directly incorporate LA 59 monomer up to 50 mol%. The mole fraction of LA monomer was inversely proportional to the 60 molecular weight and the crystallinity of P(LA-co-3HB), and directly proportional to the glass 61 transition temperature (Tg) of the polymer. While Tg was apparently affected by the LA fraction, 62 the melting temperature (Tm) was just slightly affected by the LA monomer composition.
63
To increase the LA monomer content in the copolymers, not only PHA synthase activity 64 but also the flow of LA-CoA precursors needs to be considered. Efforts to construct a more D r a f t 5 system that was designed to produce either PLA or P(LA-co-HA). The first strategy aimed at 67 engineering the propionate CoA transferase enzyme from Clostridium propionicum, which is 68 able to convert LA into lactyl-CoA, by site-directed mutagenesis as well as saturation 69 mutagenesis to improve the specificity of the enzyme towards LA (Yang et al. 2010) .
70
Given the goal of more efficient and less expensive production of LA-containing 71 polymer, we decided to investigate the use of Sinorhizobium meliloti as a production platform.
72
This member of the Alphaproteobacteria, best known for its N 2 -fixing symbiosis with Medicago 73 sativa (alfalfa), is genetically amenable and metabolically versatile (Bélanger et al. 2009; Charles 74 and Finan 1991; Gurich and González 2009) . It has the advantage of having been used for many 75 years in the agricultural inoculant industry, culturable to very high titres (Bissonnette et al. 76 1986). It is a native producer of the PHA poly-3-hydroxybutyrate (PHB), which accumulates 77 under growth-limited conditions in the presence of excess carbon source (Zevenhuizen 1981).
78
The PHB cycle in S. meliloti, which includes well-studied PHB synthesis and degradation CoA catalyzed by phbA-encoded ketothiolase (EC 2.3.1.9). This is followed by acetoacetyl-CoA 82 reductase (EC 1.1.1.36) encoded by phbB to convert acetoacetyl-CoA into 3-hydroxylbutyryl-
83
CoA. In the last step of the PHB synthesis pathway, phbC-encoded PHB synthase (EC 2.3.1.B2) 84 is responsible for polymerizing 3-hydroxylbutyryl-CoA into PHB. In S. meliloti, other enzymes 85 taking part in this pathway are PHB depolymerase (phaZ) (EC 3.1.1.75), 3-hydroxybutyrate 86 dehydrogenase (bdhA) (EC 1.1.1.30), and acetoacetyl-CoA synthetase (acsA2) (EC 6.2.1.16).
87
In this study, we describe a system that enables engineered enzymes, which have been 
Materials and methods

97
Bacterial strains, plasmids, and cell culture 98 All strains and plasmids used in this study are listed in Table 1 . E. coli and S. meliloti to select against sacB-encoded sucrose sensitivity (Schäfer et al. 1994) . Yeast Mannitol (YM) 104 was used for polymer production experiments (Charles et al. 1997; Charles and Finan 1990) .
105
Rapid screening of polymer production was performed by adding Nile Red (0.5 µg/mL) to YM 106 agar plate, and visualizing by fluorescence as previously described (Spiekermann et al. 1999) 107 and subsequently modified (Heil et al. 2011) freeze-dried for 6 h. After being freeze-dried, polymer was extracted in 10 ml chloroform using a 122 reflux apparatus for 4 h. Next, cell debris was removed by passing through number 1 Whatman 123 filter. The polymer was recovered by precipitation using 100 ml cold methanol, and the solvent 124 was evaporated off overnight at room temperature in the fume hood. The extraction process was 125 repeated to recover any residual polymer.
127
Analytical techniques
128
Intracellular polymer production was evaluated by gas chromatography (GC-FID and D r a f t 8 30% sulfuric acid in methanol. The reaction was carried out at 96°C for 6 h, cooled, and then 1 135 ml of water was added, the mixture was vortexed, and the solution was allowed to separate into 136 two phases. 1 µl of the chloroform phase was taken for analysis by GC as previously described 137 (Jung et al. 2010b ). The samples were injected into an Agilent 6890 series GC system with a DB with an initial temperature of 80ºC for 5 min, then ramped to 230ºC at 7.5ºC/min, and continued 140 to ramp to 260ºC at the faster rate of 10ºC/min followed by maintaining that termperature for 5 141 min.
142
For GC-MS analysis, samples prepared as described for GC analysis were injected into initial temperature of 50ºC for 5 min, then ramped to 280ºC/min, and held for 10 min.
147
NMR experiments were performed following the protocol as described previously (Doi et 148 al. 1986; Jung et al. 2010b ) with slight modification. The sample was analyzed using a Bruker 149 500 MHz UltraShield spectrometer. The sample was dissolved in CDCl 3 , and run at room 150 temperature. The results of 1D ( 1 H, 13 C) and 2D COSY NMR spectra were recorded accordingly.
151
The proton ( 1 H) spectrum was run using a 30 degree pulse with a relaxation time of 1.0 s. The The two genes pct532 and phaC1400, which encode engineered versions of propionate obtained following random mutation using error-prone PCR (A243T, one silent nucleotide 160 mutation of A1200G), while phaC1400 had been obtained by a combination of saturation and 161 site-directed mutagenesis (E130D, S325T, S477R, Q481M) (Jung et al. 2010b ). Co-expression of 162 these genes has been shown to increase the LA fraction in P(LA-co-3HB) copolymer produced in 163 E. coli (Jung et al. 2010b ). These genes were codon-optimized for S. meliloti using the codon 164 adaptation tool JCat using the "partial optimization" option (Grote et al. 2005) . The resulting Initial confirmation of polymer production in strain SmUW254 was performed on Nile
202
Red-containing YM agar plates using the Fluorescence Theatre (Heil et al. 2011 ). SmUW254 Polymer production in the engineered system
211
The major objective of this study was to engineer S. meliloti to produce novel polymers.
212
Integration of the engineered genes onto the chromosome should ensure production strain 
221
To further investigate as well as confirm the structure of this copolymer produced by 222 SmUW254, we analyzed the purified polymer using GC-MS and NMR. The NMR 1 H and 13 C 223 spectra of the purified polymer were identical to those of PLA homopolymer reported in 224 previous study (Jung et al. 2010b) , except for the presence of a CH 2 peak which accounted for 225 the presence of 3HB monomer ( Figure 5 ). To confirm the presence of LA monomer, we also
carried out the analysis of structure using GC-MS ( Figure 6 ). The result also matched retention 227 time of LA standard and the mass spectrum in the library.
228
Conclusions
229
Here we have demonstrated a chromosome engineering strategy involving replacement of 230 the native PHB synthase encoding gene with synthetic, codon optimized mutant genes to 231 construct a S. meliloti strain that is able to produce P(LA-co-3HB) copolymer with mannitol as D r a f t Figure 6 . GC-MS analysis of purified polymer, showing the LA monomer fraction peak. The arrow indicates the mass spectrum of this fraction (top), which matched with the mass spectrum of the LA in the library (bottom).
